The Gully Marine Protected Area (MPA) is a large submarine canyon at the edge of the Scotian Shelf, south of Nova Scotia. A resident population of northern bottlenose whales are known to occur in the Gully throughout the year, and the canyon provides important foraging grounds for the population. Bottom-mounted Autonomous Multichannel Acoustic Recorders (AMAR) were deployed in the Gully for ten days in in March 2010 (sampling rate = 375 ksps) and two days in October 2011 (sampling rate = 128 ksps). Bisonar pulses produced northern bottlenose whales (likely used to echolocate prey) were recorded consistently throughout these AMAR deployments. The swept FM characteristics of the northern bottlenose whale pulses recorded were consistent over both years, and both data sets contained clear pulse reflections from bottom clutter or prey targets. In this paper we provide a description of the northern bottlenose whale pulses recorded in the Gully and make recommendations on short-time Fourier transform parameters for analysis of the pulses. A description of the pulse reflections is also provided, based on analysis of the reflection patterns using short-time Fourier transforms and by matched filtering with the direct arrival from the whales.
INTRODUCTION
Numerous trains of frequency modulated (FM) up-sweeping pulses have been identified on acoustic recordings collected from a large submarine canyon at the edge of the Scotian Shelf, south of Nova Scotia, known as the Gully Marine Protected Area (MPA). Beaked whales are known to produce upsweeping pulses such as these, which differ considerably in frequency and timing from pulses produced by other groups of cetaceans such as sperm whales and dolphins (Johnson et al 2004 (Johnson et al , 2006 Gillespie et al 2009; Wahlberg et al 2011) . Two species of beaked whales are known to regularly occur within the Gully: northern bottlenose whales (Hyperoodon ampullatus) and Sowerby's beaked whales (Mesoplodon bidens).
The northern bottlenose whales that occur within the Gully belong to a distinct population known as the Scotian Shelf population, which consists of approximately 160 individuals (Whitehead and Wimmer 2005) . Scotian Shelf northern bottlenose whales are year-round residents of the Gully (DFO 2010; Moors 2012) and adjacent areas, and it is estimated that a third to half of this population is present within the MPA at any one time (Gowans et al 2000) . Sowerby's beaked whales are less commonly observed in the Gully (e.g., Hooker and Baird 1999; , although sighting rates of this species within the Gully have been increasing in recent years.
Northern bottlenose whale pulses have been described as broadband impulsive vocalizations, typically with spectral content from 0.5 to at least 26 kHz with dominant frequency bands of greater than 10 kHz and a mean peak frequency of 24 kHz (Hooker and Whitehead 2002) . A more recent study using recording equipment with a broader bandwidth than that used by Hooker and Whitehead (2002) found that the centroid frequency of northern bottlenose whale pulses ranged from 32-51 kHz with a mean of 47 kHz (Wahlberg et al 2011 ). Wahlberg et. al. (2011 also describe the frequency upsweeping structure of regular pulses produced by northern bottlenose whales. These FM pulses had a mean duration of 0.276 msec and mean interpulse interval of 306 msec. These correspond closely to the "deep-water clicks" described by Hooker and Whitehead (2002) , which were produced when no whales were visible at the surface and had a mean pulse duration of 0.35 msec and a mean interpulse interval of 400 msec. Hooker and Whitehead (2002) also describe "surface clicks", which were pulses emitted in rapid succession with irregular timing recorded when whales were visible at the surface or shortly after they dove. Surface clicks had a mean duration of 2.02 msec and mean interpulse interval of 70 msec (Hooker and Whitehead 2002) . Northern bottlenose whale pulse trains were also described by White et al (2005) as containing consistently spaced pulses, although they found that surface pulses had longer interval durations than pulses produced by diving individuals. Wahlberg et al (2011) describe another type of pulse produced by northern bottlenose whales called "buzz clicks". Buzz clicks had no frequency upsweep, were shorter in duration and had shorter interpulse intervals (< 14 msec) than the other types of northern bottlenose whale clicks described. It is likely that deep-water clicks or regular pulses are foraging vocalizations used to find prey (Hooker and Whitehead 2002) . Buzz clicks are also likely used when foraging, but probably produced when prey is at short range (Wahlberg et al 2011) . Surface clicks probably have some other function such as echolocating on the boat or companions, or possibly for social communication (Hooker and Whitehead 2002) .
The vocalizations of Sowerby's whales have yet to be described; however, recordings of other Mesoplodon species show pulse timing and frequency attributes similar to northern bottlenose whales. Blainville's beaked whales (M. densirostris) produced FM pulses with frequencies spanning 25-51 kHz and a centroid frequency ranging between 35-42 kHz with a mean of 38 kHz. These pulses had a mean duration of 0.271 msec and a mean interpulse interval of 370 msec (Johnson et al 2004 (Johnson et al , 2006 ). Blainville's beaked whales also produced buzz clicks, which had no frequency upsweep, were shorter in duration (mean of 0.104 msec) and had shorter interpulse intervals (< 100 msec) than regular pulses (Johnson et al 2004 (Johnson et al , 2006 . The pulses of Gervais' beaked whales (M. europaeus) appear to be slightly higher in frequency than those of Blainville's beaked whales, with most of the energy in the 30-50 kHz range. Pulses produced by this species were about 0.200 msec long with interpulse intervals of < 400 msec (Gillespie et al 2009) . The pulses of both of these species are similar to those of Cuvier's beaked whales (Ziphius cavirostris), which produced pulses about 0.175 msec in duration with an interpulse interval of about 400 msec, and most of the energy occurring between 30-48 kHz with a low frequency cut-off of 20 kHz (Johnson et al 2004) .
The objective of this paper is to describe the characteristics of the upswept pulses recorded in the Gully and compare them to pulses made by other beaked whale species. Additionally, possible multipulse structure and echoes that were observed during the analysis of the upswept pulses will be discussed. .284'W) from the 10-11 October (Figure 1 ). For both deployments, the recorder was moored 50 meters above the seafloor.
FIGURE 1. Location of AMAR deployments.
During the March 2010 deployment, recordings were made continuously using a 16-bit analog-todigital converter (ADC) at a sampling rate of 384 ksps. For the October 2011 deployment, recordings were made on a duty cycle of 2.5 min every 15 min on a 24-bit ADC at a sampling rate of 128 ksps. In both years, recordings were saved as 2.5 min long files. Each of the AMARs was equipped with a Geospectrum M8 hydrophone that had a nominal frequency response of -164 dBV/µPa from 20 Hz-170kHz. The frequency response of the M8 hydrophone has a small resonance at 170 kHz and rolls off steeply above this frequency. A built-in anti-aliasing filter is included in the 24-bit ADC.
A short-time Fourier Transform (STFT) based click detector was used to find high-frequency clicks present on the recordings. For each data set, a 30 second long spectrogram was created with approximately 125 Hz frequency resolution and 0.005 s time resolution (Table 1) . Each frequency bin was normalized to the median bin value over the 30 s window. The detection threshold was set to three times the median value. A 7×7 kernel was used to join detected time and frequency cells to create detection contours. Contours that were at least 10 kHz in bandwidth and 0.005-0.04 s in duration were identified as possible clicks. This detector appeared to detect most of the high-frequency clicks present on the recordings, including clicks occurring at signal-to-noise ratios (SNR) below 3 dB. The total number of click detections on each 2.5 min file was calculated. Recordings which had a large number of click detections (>100) were examined for the presence of FM pulses using SpectroPlotter (© JASCO Applied Sciences Ltd.). Spectrograms with a frequency resolution of 128 Hz and time resolution of 0.005s were visually scanned to identify possible FM pulse trains. When such pulse trains were identified, the spectrogram was reprocessed with a frequency resolution of 1024 Hz and a time resolution of 0.00005s (Hamming window) to confirm the presence of an upsweeping frequency structure in the pulse. Figure 2 shows a typical FM sweep identified on these recordings. FM pulse trains with a relatively high SNR and likely to be produced by a single individual (i.e., from sections of recording where only a single pulse train was present or where two pulse trains were present that could be clearly distinguished from one another based on timing and frequency differences between the pulses within each train) were selected for analysis. Ten consecutive pulses were measured from each selected pulse train. To measure the time and frequency attributes of the pulses, the analyst drew a box around the pulse in the spectrogram. Using the box boundaries, the 90% rms Sound Pressure Level (SPL) bounds of the pulse were then calculated by SpectroPlotter and the start and stop times, and minimum and maximum frequency of the 90% rms SPL of each pulse were stored. The average pulse duration (calculated as the difference between the start and stop time of each pulse), interpulse interval duration (calculated as the difference between the start time of subsequent pulses), minimum frequency and maximum frequency were determined for each pulse train examined from the stored results.
During examination of the spectrograms, some of the FM pulses were found to have a more complex (and possible multipulse) structure than a simple frequency upsweep (Figure 3 ). These calls were noted as "complex" and measurements were made as described above. Some FM pulse trains were also found to be associated with reflections that appeared to occur at a consistent delay in time after the initial FM pulse (Figure 4 ). The 90% rms SPL bounds were also measured for these reflections and the average reflection duration (calculated as the difference between the start and stop time of each reflection), time delay (calculated as the difference between the start time of the reflection and the initial pulse), minimum frequency and maximum frequency of the reflection were determined. 
PRELIMINARY RESULTS AND DISCUSSION
Initially, 15 FM pulse trains (for a total of 150 pulses) from the March 2010 dataset, including trains recorded on different days, were analyzed ( Table 2) . Five of these pulse trains had a more complex structure than a simple upsweep (e.g., Figure 3) , and eight were associated with reflections (e.g., Figure 4) . Table 2 summarizes the duration and frequency attributes of each train of FM pulses measured, while The mean duration of beaked whale pulses measured by other studies ranged between 0.2-0.4 msec (Hooker and Whitehead 2002; Johnson et al 2004 Johnson et al , 2006 Gillespie et al 2009; Wahlberg et al 2011) , which is substantially shorter than the mean pulse duration of 0.6 msec reported here (Table 4) . Similarly, these other studies measured a mean interpulse interval duration of 300-400 msec (Hooker and Whitehead 2002; Johnson et al 2004 Johnson et al , 2006 Gillespie et al 2009; Wahlberg et al 2011) , which is also lower than the 500 msec mean interpulse interval duration found here (Table 4 ). However, given that the average minimum frequency of all the FM pulse trains examined was well below 20 kHz (Figure 2, Table 2 ), it is most likely that these pulses were produced by northern bottlenose whales. Energy at frequencies below 20 kHz was observed in northern bottlenose whale pulses measured in other studies Whitehead 2002, Wahlburg et al 2011) . Although the pulses of Sowerby's beaked whale have yet to be described, they are likely higher in frequency than the pulses examined here, as other Mesoplodon species have very little (if any) energy occurring below 20 kHz (Johnson et al 2004 (Johnson et al , 2006 Gillespie et al 2009) .
The mean duration of complex FM pulses tended to be slightly longer than the mean duration of simple upsweeps (Table 4) , and two distinct energy peaks were often observed in the waveforms of these pulses (Figure 3 ). The two peaks are unlikely to be made by multiple individuals as the interval between these peaks is relatively small yet highly consistent in timing within a pulse train. The cause of this pulse structure is unknown, although Winn et. al. (1970) mention the possible presence of multi-pulse structure in some of the northern bottlenose whale pulses they analyzed. No such multipulse structure was reported by Hooker and Whitehead (2002) or Wahlburg et al (2011) .
Northern bottlenose whale pulse reflections have not previously been described. The peak SPL of the reflections is 20 -30 dB below the main arrivals. The target strength of most fish and squid is well below 40 dB, therefore it is proposed that the reflections are from the ocean bottom. Figure 4 shows an extended period of reflection, perhaps due to a low angle of incidence between the pulse and the bottom, or due to a sloping bottom near the hydrophone. Discrete reflections are more common. The duration of these reflections measured about twice that of the initial FM pulse, while there was no substantial difference in minimum or maximum frequency (Table 4 ). The reflections also tended to retain some of the upsweeping frequency structure of the initial pulse. The example in Figure 4 shows a time delay of 0.0148 seconds, which equates to a difference in path length of 22.2 m (assuming a sound speed of 1500 m/s). Since the hydrophone was 50 meters off the bottom, this difference implies the pulses were emitted very close to the bottom. Figure 5 shows a time series and spectrogram of a main pulse and its first reflection from Figure 4 . The phase of the reflection appears to be inverted from the main pulse, as expected from a reflection. Further work is planned to model possible ranges and depths at which the pulses could have been emitted. This may provide evidence of the height from the bottom for the bottlenose whale's prey objects. 
